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Abstract

All living organisms share the machinery to translate RNA into amino acid sequences.
One key component of this machinery are aminoacyl tRNA synthetases, which ligate
tRNAs to amino acids. Sequence analyses revealed that these enzymes evolved to
complementary classes, which can be characterized by several sequence motifs. However,
there are no structural motifs, which capture the core function of the classes: high
specificity ligand interaction. We identified backbone brackets and arginine tweezers
and show that these two motifs optimize ligand recognition with complementary
mechanisms. They are the most compact and simple characteristic to distinguish the
aminoacyl tRNA synthetase class I from II. These findings support the hypothesis that
the evolutionary convergence regarding function of aminoacyl tRNA synthetases was
balanced by a divergence regarding ligand interaction.

Author summary

Aminoacyl tRNA synthetases (aaRS) are primordial enzymes essential for interpretation 1

and transfer of genetic information. Disturbances in this fine-tuned system lead to 2

severe malfunctions in organisms and to lethal diseases. The increasing amount of 3

experimentally determined three-dimensional structures of aaRS opens up new avenues 4

for high-throughput analyses of molecular mechanisms. In this study, we present an 5

exhaustive structural analysis of the binding mechanisms of aaRS enzymes and discuss 6

ligand recognition motifs. We unveil a divergent implementation of enzyme substrate 7

recognition in each aaRS class. While class I binds via interactions mediated by 8

conserved backbone hydrogen bonds, class II uses a pair of arginine residues to establish 9

salt bridges. We show how evolution achieves binding of the same ligand species with 10

completely different mechanisms. In addition, we demonstrate that sequence analysis 11

for conserved residues may miss important functional aspects which can only be 12

revealed by structural studies. Further detailed insights in aaRS substrate interaction 13

and a manually curated high-quality dataset of aaRS structures serve as a rich resource 14

for in-depth studies of these extraordinary enzymes. 15
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Introduction 16

The synthesis of proteins is fundamental to all organisms. It requires a complex 17

molecular machinery of more than 100 entities to ensure efficiency and fidelity [1–3]. 18

The ribosome pairs an mRNA codon with its corresponding anticodon of the tRNA 19

molecule that delivers the cognate amino acid. Aminoacyl tRNA synthetases (aaRS) 20

ligate amino acids to their corresponding tRNA, which is why they are key players in 21

the transfer of genetic information. Individual aaRS and their mechanism to 22

discriminate similar amino acids have been extensively studied on the structural 23

level [4–7] to detect lethal or disease-relevant mutation spots. However, a comprehensive 24

and comparative study of structural features in aaRS proteins is missing. There are no 25

structural motifs known that capture differences of the ligand recognition mechanism. 26

Starting from a manually curated dataset of 972 individual aaRS protein molecules 27

(448 chains for class I and 524 chains for class II) deposited in the Protein Data Bank 28

(PDB) [8], we identified two functionally convergent but intrinsically different ligand 29

recognition motifs, the backbone brackets and the arginine tweezers. These key 30

interaction patterns are an outstanding example of evolutionary diversification and 31

functional convergence, since they do not share structural features or conservation on 32

sequence level (Fig 1). 33

Fig 1. Backbone brackets and arginine tweezers were identified as characteristic
structural motifs from 972 aminoacyl tRNA synthetase 3D protein structures. Both
motifs exhibit a complementary interaction mode and geometric characteristics.
Backbone brackets are not conserved in sequence, but only in structure, while arginine
tweezers are highly conserved in sequence.

The mere existence of proteins and nucleic acids is a chicken-and-egg dilemma. The 34

sequential succession of amino acids in each protein is encoded by nucleic acid 35

blueprints. In turn these proteins are indispensable to replicate and translate nucleic 36

acids. It is debated how this self-referencing system came to be [9]. Three main theories 37

have been proposed to explain the emergence of the self-encoding translational 38

machinery, namely: coevolution [10], ambiguity reduction [11,12], and stereochemical 39

forces [13]. The interaction between amino acid and nucleic acid lies at the basis of each 40

theory and is linked to the emergence of aaRS [14,15]. There is strong evidence for two 41

archaic proto-enzymes (urzymes) as the origin of all aaRS, which were among the 42

earliest proteins that enabled the development of life [16–19]. Since then, these urzymes 43

have evolved divergently into two classes I and II (Fig 2), where each is responsible for a 44

distinct set of amino acids [20–22]. Every aaRS recognizes an amino acid and prevents 45

misacylation of tRNAs by being as specific as possible. 46

It is still elusive how these two urzymes have evolved into 20 concrete realizations – 47

referred to as aaRS types – observed in each organism today [23,24]. One likely scenario 48

is that amino acids were gradually incorporated into the genetic code and inefficient 49

proteins were replaced by better versions over the course of evolution [14]. While similar 50

amino acids were once processed by one aaRS, specificity was required to cope with 51

increasing complexity. Some examples of such generic aaRS can still be found in 52

organisms today [25,26]. 53

Since aaRS enzymes are essential to protein synthesis, they are under exceptional 54

evolutionary pressure to maintain the necessary accuracy in amino acid 55

recognition [29,30]. 56

aaRS enzymes can be separated based on their topology: the catalytic domain of 57

class I adapts a common Rossmann fold [31], whereas class II possesses a unique 58

fold [32–34]. The modular architecture of aaRS has evolved well-orchestrated and was 59

optimized for its specific requirements [21,35]. In principle, all aaRS have to conserve 60
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Fig 2. The two aaRS classes and amino acids they ligate to the cognate
tRNA. Based on the physicochemical properties of the amino acids (colored according
to [27]) no distinction can be made between the two classes. Lysine is mostly processed
by class II aaRS, but in some archaic organisms a class I aaRS is responsible for
lysine [28]. Prior to tRNA ligation the amino acid ligand is converted to its activated
form: aminoacyl adenylate.

three functions: correct recognition of the tRNA identity and amino acid as well as 61

ligation of both. The anticodon binding domain ensures the tRNA integrity by 62

recognizing particular features of the anticodon [36,37]. The identification and transfer 63

of amino acids is then mediated by the catalytic domain. To minimize errors in protein 64

biosynthesis, pre- and post-transfer editing mechanisms are conducted by approximately 65

half of the aaRS [4,38,39]. 66

Even though aaRS catalyze the same type of reaction, the exact mechanism depends 67

on the aaRS class, the handled amino acid, and the host organism. By exploiting this 68

diversity, the complex development of the genetic code [15], the phylogeny of 69

organisms [34], and aaRS-associated diseases [40] were studied. 70

Mutations in aaRS-coding genes are usually lethal or lead to severe diseases, 71

including neurological and metabolic disorders as well as cancer [40]. One of the most 72

common diseases related to aaRS is Charcot-Marie-Tooth (CMT) disease, a dominantly 73

inherited neuropathy [40,41]. 74

With respect to sequence or structure both classes have nothing in common [34]. 75

Previous sequence-based studies demonstrated that the diversity results from fusion, 76

duplication, recombination and horizontal gene transfer [34,42]. 77

Tracking the ancestry of aaRS is particularly difficult due to the low evolutionary 78

stability [43]. Still, two pairs of class-specific and mutually exclusive sequence motifs 79

were identified, which mediate interactions with the adenosine phosphate and 80

catalysis [5, 20,44]. Class I features the four-residue HIGH and five-residue KMSKS 81

motifs [20]. The so-called motifs ”2” and ”3” are the class II equivalents, but here the 82

essential mechanism can be broken down to two highly conserved arginine 83

residues [20,45,46]. All these sequence motifs were described as well-conserved [5]. 84

However, the KMSKS motif is located in a mobile loop [5] while the class II motifs are 85

less conserved [43] and more variable in their relative arrangement [20]. 86

A more comprehensive study of available aaRS structures was conducted by 87

O’Donoghue and Luthey-Schulten [47]. Two major structural alignments were 88

calculated for class I and class II, respectively, that revealed high structural similarity 89

within each class with average sequence identity below 10% [47]. 90

A structural study enriched with ligand interaction data allows to capture the core 91

function of both classes in a previously unmatched compactness. 92

Results 93

This study presents a dataset of aaRS structures annotated with ligand information, 94

which serves as a stepping stone to understand common and characteristic ligand 95

interaction properties. It is composed of 972 individual chains containing 448 (524) class 96

I (class II) catalytic aaRS domains and covers ligand-bound structures for each aaRS 97

type. The dataset is provided in S1 File and S2 File. The class I chains originate from 98

256 biological assemblies and comprise 151 bacterial, 84 eukaryotic, 20 archaea, and one 99

viral structure. The class II chain set corresponds to 267 biological assemblies where 102 100

are of bacterial origin, 104 from eukaryotes, and 61 from archaea (for a detailed 101

overview see S9 Fig). The sequence identity is below 33% (29%) for 95% of all class I 102
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(class II) structures, while pairwise structure similarity is high with over 0.8 for 95% of 103

the structures (S8 Fig) according to [48]. The high sequential diversity probably stems 104

from the variety of covered organisms. In contrast, the low structural diversity can be 105

seen as a result of conserved function. 106

Sequence positions of all structures in the dataset were unified using a multiple 107

sequence alignment (MSA) and all further referenced positions are given in accordance 108

to this renumbering (Section Mapping of binding sites, S5 File and S6 File). 109

Backbone brackets and arginine tweezers 110

In order to investigate the contacts between aaRS residues and their ligands, 111

noncovalent protein-ligand interactions were annotated. This revealed two highly 112

consistent interaction patterns between catalytic site residues and the adenosine 113

phosphate part of the ligand: conserved backbone hydrogen bonds in class I and two 114

arginines with conserved salt bridges and side chain orientations in class II. 115

Strikingly, the residues mediating the backbone interactions could be mapped in 441 116

of 448 (98%) class I renumbered structures at the two positions 274 and 1361. Closer 117

investigation on the structural level revealed geometrically highly-conserved hydrogen 118

bonds between the amino acid backbones and the adenosine phosphate part of the 119

ligand (Fig 3A). These two residues mimic a bracket-like geometry (Fig 3B), enclosing 120

the adenosine phosphate, and were thus termed backbone brackets. The interacting 121

amino acids are not limited to specific residues as their side chains do not form any 122

ligand contacts. Hence, position 274 of the class I motif is not apparent on sequence 123

level while position 1361 exhibits preference for hydrophobic amino acids, e.g. leucine, 124

valine, or isoleucine (Fig 3C). 125

In contrast, class II aaRS show a conserved interaction pattern of two arginine 126

residues at positions 698 and 1786, which could be identified in 482 of 524 (92%) 127

structures. The two arginine residues grasp the adenosine phosphate part of the ligand 128

(Fig 3D) with their side chains resembling a pair of tweezers (Fig 3E) and were thus 129

named arginine tweezers. These two arginines are invariant in sequence (Fig 3F). 130

Glutamic acid is the most prevalent amino acid at position 700. This residue establishes 131

hydrogen bonds to the adenine group of the ligand in all types except for AlaRS, 132

AsnRS, GlyRS, and PheRS. 133

The backbone brackets and their counterpart, the arginine tweezers, are both 134

responsible for constant interaction with the adenosine phosphate part of the ligand (all 135

ligand interactions are shown exemplarily in S2 Fig). Mappings of the motif residues to 136

original sequence numbers can be found in S7 File and S9 File. For some structures it 137

was not possible to pinpoint the conserved motifs after unifying sequence positions 138

(listed in S8 File and S10 File). 139

Further analysis of secondary structure elements for both motifs shows that residues 140

of the backbone brackets are predominantly tied to unordered secondary structure 141

elements (S3 Fig). However, the positions 275, 276, 277, 1359, and 1360 feature 142

consistently unordered secondary structure. A mainly unordered state can also be 143

observed for the first arginine tweezers residue 698, while the following three positions 144

almost exclusively occur in strand regions (S4 Fig). Residue 1786 is always observed in 145

α-helical regions, mostly at the third position of the α-helix element. 146

The high conservation of backbone or side chain geometry of these motifs suggests 147

essential residues, indispensable for enzyme functionality. To substantiate this 148

assumption, backbone brackets and arginine tweezers were characterized in greater 149

detail and analyzed regarding their ligand interactions and geometric properties. 150
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Fig 3. (A) Structural representation of the backbone brackets motif interacting with
Tryptophanyl-5’AMP ligand in TrpRS (PDB:1r6u chain A). The ligand interaction is
mediated by backbone hydrogen bonds (solid blue lines). (B) The geometry of the
backbone brackets motif resembles brackets encircling the ligand. (C) WebLogo [49]
representation of the sequence of backbone brackets residues (274 and 1361) and three
surrounding sequence positions. (D) Structural representation of the arginine tweezers
motif in interaction with Lysyl-5’AMP ligand in LysRS (PDB:1e1t chain A). Salt
bridges (yellow dashed lines) as well as π-cation interactions are established. (E) The
arginine tweezers geometry mimics a pair of tweezers grasping the ligand. (F) Sequence
of arginine tweezers residues (698 and 1786) and surrounding sequence positions. The
backbone brackets show nearly no conservation on sequence level since backbone
interactions can be established by all amino acids, while the arginine tweezers rely on
salt bridge interactions, always mediated by two arginines.

Interaction patterns 151

Contacts between ligand and protein are established via a variety of noncovalent 152

interaction types such as hydrogen bonds, π-stacking, or salt bridges. These interaction 153

types were annotated using the Protein-Ligand Interaction Profiler (PLIP) [50] to 154

investigate whether evolution adapted entirely different strategies or if some 155

characteristics are shared between both aaRS classes. 156

Two sets of 29 and 40 representative complexes for class I and class II were 157

composed to analyze adenosine phosphate-binding. For the comparison of commonly 158

interacting residues between different aaRS types a matrix visualization was designed 159

(Fig 4). This allows for the assessment of interaction preferences at residue level. Data 160

for frequent interactions was available for 16 residues and 10 different aaRS types for 161

class I as well as 13 residues and 11 aaRS types for class II. 162

Fig 4. Protein-ligand contacts in representative adenosine phosphate-binding
complexes for aaRS class I and II. Residues are grouped according to the non-amino
acid ligand fragment (phosphate, ribose, or adenine) they are interacting with.
Preferred interaction types for each aaRS type and binding site residue are color-coded.
Fields separated with triangles indicate two equally preferred interactions. The asterisk
(*) indicates aaRS types incorporating noncanonical amino acids. Automatically
retrieved [51,52] mutation effects [53–59] are shown as centered shapes. In essence, class
I interactions are mainly hydrogen bonds, while class II adenosine phosphate-binding is
realized by an array of different interaction types.

While six different interaction types are used to bind the adenosine phosphate 163

ligand, hydrogen bonds are the prevalent type of contact, especially for the recognition 164

of the ribose moiety (see Fig 4). The aromatic ring system of adenine is recognized via 165

hydrogen bonds and π-stacking interactions in complexes of both classes I and II. Class 166

II aaRS bind this part of the ligand also forming π-cation interactions with the charge 167

provided by one guanidinium group of the arginine tweezers (residue 1786). Residue 698 168

interacts predominantly with the negatively charged phosphate group of the ligand via 169

salt bridges. This binding pattern is conserved in class II and handled by the other 170

guanidinium group featured by the arginine tweezers. In class I, hydrogen bonding is 171

essential for the recognition of phosphate. Here, residue 274 binds to the phosphate and 172

is part of the backbone brackets motif which embraces the phosphate and the aromatic 173

ring at the other end (residue 1361) using backbone hydrogen bonding. 174

Both motifs share the tendency to form electrostatic interactions with the 175

α-phosphate of the ligand. In general, the phosphate group predominantly participates 176
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in salt bridges and hydrogen bonds. The ribose moiety is almost exclusively stabilized 177

by hydrogen bonds to its hydroxyl groups. 178

Geometric characterization 179

Backbone brackets and arginine tweezers were analyzed at the geometrical level to 180

further substantiate the profound differences in adenosine phosphate recognition. One 181

would expect the side chains of the backbone brackets’ residues to exhibit higher 182

degrees of freedom in comparison to the arginine tweezers. Furthermore, a significant 183

change in alpha carbon distance of both motif residues would indicate a conformational 184

change during ligand binding. The state complexed with adenosine phosphate (M1) and 185

the state in which no adenosine phosphate is bound (M2) were analyzed separately in 186

order to quantify these aspects (see S1 Fig). Structure alignments of both motifs in 187

respect to their binding modes (provided in S7 Fig) visually support the differences in 188

side chain orientation and variable amino acid composition of the backbone brackets. 189

The angle between side chains of the backbone brackets is continuously high 190

(SDM1=20.93◦, SDM2=20.13◦) with averages of 144.90◦ for M1 and 141.40◦ for M2, 191

respectively. This emphasizes that the side chain orientation is indistinguishable 192

between M1 and M2 as only the backbone participates in ligand binding. The alpha 193

carbon distance is conserved for the majority of the backbone brackets observations 194

(SDM1=0.86 Å, SDM2=0.82 Å), with averages of 17.92 Å for M1 and 18.41 Å for M2, 195

respectively. However, some observations (structures PDB:5v0i chain A, PDB:1jzq chain 196

A, PDB:3tzl chain A, PDB:3ts1 chain A) exhibit higher alpha carbon distances of 20.54 197

Å, 19.74 Å, 19.10 Å, and 18.79 Å, respectively. In contrast, one occurrence of the 198

backbone brackets motif in structure PDB:4aq7 chain A has a remarkably low alpha 199

carbon distance of 16.50 Å. Nevertheless, alpha carbon distances between bound and 200

unbound state differ significantly (p<0.01, S5 Fig). This indicates the substantial 201

contribution of backbone interactions as well as the conformational change observed 202

during adenosine phosphate-binding. 203

The side chain variation is marginal for the arginine tweezers motif if an adenosine 204

phosphate ligand is bound. In contrast, the side chain angle of the apo form is highly 205

variable (SDM1=8.69◦, SDM2=21.67◦) with averages of 91.82◦ for M1 and 79.81◦ for 206

M2, respectively. The side chain angles between the bound and unbound state differ 207

significantly (p<0.01, S6 Fig), reinforcing the pivotal role of highly specific side chain 208

interactions during ligand binding. This effect cannot be observed for the alpha carbon 209

distances of the arginine tweezers (SDM1=0.66 Å, SDM2=0.79 Å), with averages of 210

14.76 Å for M1 and 14.93 Å for M2, respectively. 211

Fig 5. Geometric analysis of the ligand recognition motifs responsible for the adenosine
phosphate interaction for aaRS class I and class II representative and nonredundant
structures. The alpha carbon distance is plotted in respect to the side chain angle θ.
Binding modes refer to states containing an adenosine phosphate ligand (M1) or not
(M2). Backbone brackets in M1 allow for minor variance with respect to their alpha
carbon distance, constrained by the position of the bound ligand. In contrast, arginine
tweezer in M1 adapt an orthogonal orientation in order to fixate the ligand.

Effect of mutagenesis experiments and natural variants 212

To estimate the importance of certain ligand interactions, one can exploit data derived 213

from mutagenesis experiments and natural variants. 214

Fig 4 shows the effect of nine mutations on the enzymatic activity of aaRS. There is 215

no obvious link between conserved interactions and outcomes of mutations. For 216
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example, there are loss of function mutations occurring in regions with observed 217

interactions and equally many cases where no interactions could be observed while the 218

mutation still has a negative effect. 219

For class I TyrRS, mutations of any histidine of the HIGH motif [44] lead to a 220

decrease in activity, since both residues contribute to the stabilization of the transition 221

state of the reaction [53,54]. The same holds true for Asp-1300 and Gln-1301 which 222

interact with the ribose part of the ligand [57,59]. Phe-1415 is part of a sequence motif 223

responsible for ligand attachment to the tRNA; a mutation to leucine shows no effect on 224

the binding affinity [59]. 225

Cys-1458 in class II AlaRS is part of a four residue zinc-binding motif [60] and an 226

exchange with serine results in no effect whatsoever. It is assumed that the other three 227

amino acids can compensate the mutation [56]. The single-nucleotide polymorphism 228

(SNP) with no known effect is associated to position 1703 in AspRS (rs1803165 in 229

dbSNP [61]). 230

Ile-703 in class II GlyRS does not directly interact with the ligand – mutations, 231

however, result in a negative effect and are most prominently linked to CMT disease as 232

the amino acid is crucial for tRNA ligation [55]. Another SNP occurs at Gly-1783; the 233

exchange with arginine prohibits ligand binding and was tied to a loss of activity as well 234

as distal hereditary motor neuropathy type VA [58]. 235

Relations to known sequence motifs 236

Fig 6 encompasses structure and sequence motifs as well as the sequence conservation 237

scores of the underlying MSA. Amino acids interacting with the adenosine phosphate of 238

the ligand (ordinate in Fig 4) are annotated. 239

For class I sequence motifs [22,44,62], the HIGH motif features sequence 240

conservation and is located nine positions downstream of the first backbone brackets 241

residue. The KMSKS motif exhibits no sequence conservation and can be observed 242

downstream of the second backbone brackets residue. The five-residue motif is 243

distributed within a corridor of around 70 aligned sequence positions and contains 244

ligand binding site residues 1414, 1415, 1434, and 1441. 245

For the class II sequence motifs [22, 33, 45, 46, 62], motif ”1” is moderately conserved 246

in sequence. None of its positions interact with the ligand. Motif ”2” is conserved 247

around the first arginine tweezers residue and contains five additional ligand binding 248

site residue of lower sequence conservation. The second arginine tweezers residue is part 249

of motif ”3” which exhibits high sequence conservation. 250

Further ligand binding site residues, which are not part of known sequence motifs, 251

are mostly occurring in sequence conserved regions. 252

Fig 6. Integrative sequence view for aaRS class I (A) and II (B). Boxes delineate
sequence motifs previously described in literature [44–46]. The trace depicts the
sequence conservation score of each position in the MSA (S5 File and S6 File). These
scores were computed with Jalview [27,63], positions composed of sets of amino acids
with similar characteristics result in high values. Furthermore all positions relevant for
ligand binding (Fig 4) are depicted. Backbone brackets and arginine tweezers have been
emphasized by their respective pictograms. Positions of low conservation or those not
encompassed by sequence motifs were intangible to studies primarily based on sequence
data. Especially backbone interactions might be conserved independently from sequence.
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Discussion 253

Conservation of function The self-referencing system of building blocks and 254

building machinery implemented in aaRS is an intriguing aspect of the early 255

development of living systems. There is evidence that proteins arose from an ancient set 256

of peptides [64] and that these peptides were co-factors of the early genetic information 257

processing by RNA. 258

Sequence-based analyses were one of the first tools to investigate the transfer of 259

genetic information. DNA and protein sequences comprise the developmental history of 260

organisms, their specialization and diversification [34]. However, following the 261

”functionalist” principle in biology, sequence is less conserved than structure, which is in 262

turn less conserved than function [65]. Later, structural features and molecular contacts 263

have been recognized as key aspects in grasping protein function [66,67] and their 264

evolution. Only if the necessary function can be maintained by compatible interaction 265

architectures, the global role of the protein in the complex cellular system is 266

ensured [68]. 267

Each amino acid of a protein fulfills a certain role and can be replaced by amino 268

acids with compatible attributes [66]. By considering each amino acid in the context of 269

its sequence, its structural surroundings, and finally its biological function, one can 270

determine possible exchanges and the evolutionary pressure driving these 271

changes [65,69]. Up to this point, pure sequence or structure analysis methods – 272

without including ligand interaction data – missed the functional relevance of the 273

backbone brackets. 274

Evolutionary model Since the amino acid alphabet imposes constraints on 275

evolutionary divergence and functional conservation a big part of the aaRS specificity 276

developed before the separation of archaea and prokaryotes [47] and branching of 277

prokaryotic and eukaryotic lineages [29]. This suggests that the translation apparatus 278

evolved prior to the ”Darwinian threshold” [47]. Additionally, there is evidence that 279

bacteria are closer to origin of translation than archaea [18]. The analysis of aaRS 280

phylogeny results in ancestries resembling the standard model of evolution, where 281

horizontal gene transfer is considered as an important evolutionary phenomenon in early 282

stages of life [21]. Even if there is a strong homology within the catalytic core of aaRS 283

classes – but not between them [29,47] – both classes evolved convergently towards the 284

same function [29]. This is reflected in the intrinsically different but functionally 285

identical nature of the backbone brackets and the arginine tweezers. 286

Backbone brackets and arginine tweezers 287

The analysis of backbone brackets geometry showed a high variance of side chain angles 288

for both binding modes. The distinction between these modes is significantly manifested 289

in a change of the alpha carbon distance, which supports that the conformational 290

change during ligand binding previously observed in ArgRS [70] or TyrRS [71] is a 291

general mechanism in class I aaRS. 292

In contrast to backbone brackets, the arginine tweezers are highly conserved in side 293

chain orientation if a ligand is bound, which shows that this orientation is key to 294

adenosine phosphate recognition. If no ligand is bound, the tweezers geometry is less 295

limited, which is reflected in a higher variability of side chain orientations. Conclusively, 296

the distinction between the two binding modes can be made by taking the geometry of 297

the motifs into account: alpha carbon distances for backbone brackets and side chain 298

angles for arginine tweezers. 299

The conserved arginine tweezers motif resembles a common interaction pattern for 300

phosphate recognition [66], which usually features positively charged amino acids [72]. 301
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However, the conformational space of ATP ligands was shown to be large throughout 302

diverse superfamilies [73] and hence the geometry of binding sites involved in ATP 303

recognition is manifold. The uniqueness of aaRS compared to other ATP-binding 304

proteins was shown for AspRS, where the ligand binds in a compact form with a bent 305

phosphate tail instead of the usually found extended form [73]. This conformation of 306

ATP is energetically unfavorable but allows easy access of the α-phosphate for tRNA 307

binding [74]. This suggests that the arginine tweezers motif possesses a unique geometry 308

and is not a generalizable pattern for ATP binding, such as the frequently occurring 309

P-loop domain [72]. 310

As the function of fixating the adenosine phosphate part is crucial in aaRS enzymes, 311

mutations of the arginine tweezers residues result in loss of function [75,76]. However, 312

to our knowledge, the backbone brackets motif was not identified in earlier literature 313

and is herein described for the first time. Both motifs reveal a key mechanism in aaRS 314

ligand binding, which seems to have evolved convergently, but shows highly divergent 315

implementations. In agreement to this, the whole catalytic core of aaRS is class specific 316

and the most ancient part of all aaRS domains known today (e.g. editing domains, 317

codon binding domains, or organism-specific modular domain attachments) [47,77,78]. 318

The stunning balance of evolutionary diversification [77] and functional convergence 319

is underlined by profoundly different implementation of ligand recognition in terms of 320

adjacent sequence (Fig 3C and 3F), embedding secondary structure elements (S3 Fig 321

and S4 Fig), geometrical properties (Fig 5), and interaction characteristics (Fig 4). 322

Backbone brackets are not conserved in sequence 323

The backbone brackets are remarkable, since backbone interactions are often neglected 324

in structural studies. Nevertheless, backbone hydrogen bonds make up at least 325

one-quarter of overall ligand hydrogen bonding [79]. In these cases, side chain properties 326

may only play a minor role, e.g. for steric effects, and allow for larger flexibility in 327

implementation of a binding pattern as long as the correct backbone orientation is 328

ensured. There are examples of protein-ligand complexes where backbone hydrogen 329

bonds are a major part of the binding mechanism, e.g. in binding of the cofactor NAD 330

to a CysG protein from Salmonella enterica (PDB:1pjs) as determined with the 331

PLIP [50]. In conclusion, the backbone brackets exhibit conservation on functional level 332

rather than on sequence level, which renders sequence-based motif analysis infeasible. 333

This motif is a prime example for conservation of function over structure or 334

sequence [65]. 335

Directed evolution 336

The dataset does not only describe the aaRS binding characteristics for adenosine 337

phosphate but also provides a starting point to study the recognition of the cognate 338

amino acid. Previous studies investigated how AlaRS prevents incorrect tRNA charging 339

with glycine or serine [80] or how discrimination between aromatic amino acids is 340

implemented [81], even without pre- or post-editing mechanisms involved. Insights into 341

the toolkit of evolution are presented by research regarding the distinction between 342

valine and threonine [4], tryptophan and tyrosine [5], glutamine and glutamic acid [6], 343

or asparagine and aspartic acid [7]. We envision the possibility to unmask specific 344

interaction patterns for each aaRS type. These patterns could serve as a starting point 345

to design noncanonical aaRS enzymes by directed evolution experiments, which 346

potentially enable the artificial extension of the genetic code [1]. 347
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Disease implications 348

Due to the fundamental role of aaRS for protein biosynthesis, a systematic assessment 349

of mutation effects in yeast was conducted by Cavarelli and coworkers [75]. Mutations 350

of aaRS-coding genes can be drastic and may result in a variety of human diseases, even 351

if the structural effect is unknown [82,83]. 352

Structural analysis of a GlyRS mutant (G526R) showed that CMT may be caused 353

by blockage of the AMP binding site. Furthermore, this mutation induces a larger 354

contact area in the homo-dimer interface, which stems partially from the anticodon 355

binding domain [58]. Other mutations result in a wider range of diseases and symptoms 356

such as hearing loss, ovarian failure, or cardiomyopathy [40,84]. Even for cellular 357

processes unrelated to translation, aaRS play a pivotal role, e.g. for angiogenesis [78]. 358

Due to the highly individual characteristics of aaRS enzymes between organisms, it is 359

possible to create precisely targeted antibiotics with minimal side effects [85–87]. 360

Unfortunately, mutational data data does not cover the backbone brackets or 361

arginine tweezers motif. One would expect mutations of the arginine tweezers to cause a 362

strong decrease in enzyme activity. In contrast, the backbone brackets should be more 363

resilient to mutational events. However, bridging the gap between mutational studies 364

and key interaction patterns will require further analysis beyond this study and should 365

be substantiated by in vitro experiments. The provided high-quality aaRS dataset can 366

serve as the basis for such work. 367

Limitations 368

The method used to unify residue numbering in all structures relies on both, the quality 369

of the used MSA as well as the quality of local structure regions. Hence, the backbone 370

brackets and arginine tweezers could not be successfully mapped to all structures in the 371

dataset. On the one hand, occasionally some binding site regions were not 372

experimentally determined (e.g. PDB:3hri) or the mapping of the motif residues failed 373

(e.g. PDB:4yrc) due to ambivalent regions in the MSA. On the other hand, some aaRS 374

may have evolved different strategies to bind the ligand, even for the same aaRS 375

type [88]. 376

However, the conserved ligand interactions could be related to known sequence 377

motifs (Fig 6). The sequentially high variance of the KMSKS-motif was described 378

before [44] and explains why the MSA features many inserts in this region. The 379

interacting residues 1352, 1360, and 1361 of class I are located upstream of the KMSKS 380

motif. In case of class I the AIDQ-motif in TrpRS is known [82], yet no consensus for all 381

types could be established. Class II sequence motifs exhibit high degeneracy and could 382

not be identified without structural information [77]. Motif ”1” is the only sequence 383

motif to which could not be linked to any relevant ligand interaction site; its primary 384

role lies in the stabilization of class II dimers [45]. 385

The geometric characterization of the two ligand recognition motifs (see Fig 5) 386

highlighted some observations of the backbone brackets, which exhibit a substantial 387

increase or decrease of the residue alpha carbon distance. Chain A of an LeuRS of 388

Escherichia coli (PDB:4aq7) is complexed with tRNA and the backbone brackets alpha 389

carbon distance is about 1 Å below the average. Manual investigation of this structure 390

showed that there is no obvious conformational difference to other structures. Likewise, 391

the annotated interactions were checked for consistency using PLIP and showed usual 392

interactions with the adenine and the sulfamate group (the phosphate analogue) of the 393

ligand. For the backbone brackets with higher alpha carbon extent (structures of IleRS, 394

TrpRS, and TyrRS) interaction analysis revealed that residue 274 interacts with the 395

amino acid side chain, as all of these structures contain a single aminoacyl ligand 396

(PDB:3tzl chain A, PDB:3ts1 chain A, PDB:1jzq chain A) or two separate ligands 397
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(amino acid and AMP, PDB:5v0i chain A). This suggests that the structures resemble a 398

partially changed conformation prior to tRNA ligation and a possible role of the 399

backbone brackets motif in amino acid recognition. Likewise, these effects could arise 400

from low quality electron density maps in the structure regions of interest. However, 401

these hypotheses should be addressed and validated in future work. 402

Interestingly, our analysis did not reveal a high count or conservation of interactions 403

established with the well-known HIGH motif in class I. Despite irregularly occurring salt 404

bridges, hydrogen bonds, and one π-cation interaction in GluRS (see Fig 4A), no 405

interactions could be observed. This especially holds true for the first histidine residue 406

of the HIGH motif, which only interacts with the ligand in GluRS. However, it was 407

shown that the HIGH motif is mainly relevant for binding in the pre-acylation 408

transition state of the reaction [44], i.e. HIGH interacts with the phosphate of ATP. 409

This explains the irregular observations of interactions which are established only if an 410

ATP ligand is present (e.g. GluRS PDB:1j09 chain A renumbered residue 281). 411

Prospects 412

Adaptations of the presented workflow to other protein families of interest, might allow 413

to study binding mechanisms in a new level of detail and by using publicly available 414

data alone. Even if the geometric characterization is dependent on the quality of local 415

structure regions, the comparison of alpha carbon distances and side chain angles could 416

be a simple yet valuable tool to separate different binding states and quantify levels of 417

evolutionary divergence. Geometrical properties can reveal the importance of conserved 418

side chain orientations, the degree of freedom in unbound state, or shifts in backbone 419

arrangement. However, choosing these two properties to compare residue binding motifs 420

depends on the specific use case. 421

In a similar way, the obtained interaction data proved as a valuable resource to 422

understand fundamental aspects of aaRS ligand recognition. Despite the fact that 423

interactions can not be determined for apo structures and do not take into consideration 424

the dynamic nature of enzyme reactions, both, structure and interaction data conflates 425

several aspects of evolution and proved to outperform pure sequence-based methods. 426

The designed approach was used to analyze aaRS from the different viewpoints: 427

sequence backed by structure information, ligand interactions, and geometric 428

characterization of essential ligand binding patterns. Additionally, this study provides 429

the largest manually curated dataset of aaRS structures including ligand information 430

available to date. This can serve as foundation for further research on the essential 431

mechanisms controlling the molecular information machinery, e.g. investigate the effect 432

and disease implications of mutations on crucial binding site residues. 433

Alongside the aaRS-specific results, the workflow could be a general tool for 434

identification of significant ligand binding patterns and geometrical characterization of 435

such. Further studies may adapt the presented methodology to study common 436

mechanisms in highly variable implementations of ligand binding, i.e. for nonribosomal 437

peptide synthetases as another enzyme family that is required to recognize all 20 amino 438

acids [89]. 439

Materials and methods 440

Dataset preparation 441

Proteins with domains annotated to belong to aaRS families according to Pfam 31.0 [90] 442

were selected (see S1 Appendix for a detailed list of Pfam identifiers) and their 443

structures were retrieved from PDB. Additionally, structures with Enzyme Commission 444
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(EC) number 6.1.1.- were considered and included in the initial dataset. Structures with 445

putative aaRS function were excluded. 446

For each catalytic chain the aaRS class and type, resolution, mutational status, the 447

taxonomy identifier of the organism of origin, and its superkingdom were determined. 448

For chains where a ligand was present, these ligands were added to the dataset and it 449

was decided if this ligand is either relevant for amino acid recognition (i.e. contains an 450

amino acid or a close derivate as substructure), for adenosine phosphate-binding (i.e. 451

contains an adenosine phosphate substructure), or for both (e.g. aminoacyl-AMP). 452

As the presented study focuses on the binding of the adenosine phosphate moiety, 453

two binding modes referred to as M1 and M2 (S1 Fig) were defined. M1 features an 454

adenosine phosphate-containing ligand (e.g. aminoacyl-AMP, ATP), whereas M2 does 455

not contain any ligand that binds to the adenosine phosphate recognition region of the 456

binding pocket (e.g. plain amino acid, empty pocket). 457

To avoid the use of highly redundant structures for analysis, all structures in the 458

dataset were clustered according to >95% sequence identity using 459

Needleman-Wunsch [91] alignments and single-linkage clustering. For each of these 460

clusters a representative chain (selection scheme listed in S2 Appendix) was determined. 461

The same procedure was used to define representative chains for the adenosine 462

phosphate bound state M1 and no adenosine phosphate bound state M2. The final 463

dataset is provided as formatted table in S1 File and as machine-readable JSON version 464

in S2 File. 465

Mapping of binding sites 466

To allow a unified mapping of aaRS binding sites an MSA of 81 (75) representative wild 467

type sequences of class I (class II) (S3 File and S4 File) aaRS was performed. The 468

alignment was calculated with the T-Coffee expresso pipeline [92], which guides the 469

alignment by structural information. Using the obtained MSA (S5 File and S6 File), 470

residues in all aaRS structures were renumbered with the custom script ”MSA PDB 471

Renumber”, available under open-source license (MIT) at github.com/vjhaupt. All 472

renumbered structures are provided in PDB file format (S11 File and S12 File). Only 473

protein residues were renumbered, while chain identifiers and residue numbers of ligands 474

were left unmodified. Lists of structures where the backbone brackets or arginine 475

tweezers could not be mapped are found in S8 File and S10 File. 476

Annotation of noncovalent interactions 477

Annotation of noncovalent interactions between an aaRS protein and its bound ligand(s) 478

was performed with the PLIP [50] command line tool v1.3.3 on all renumbered 479

structures with default settings. The renumbered sequence positions of all residues 480

observed to be in contact with the ligand were extracted. This resulting set of 481

interacting residues was used to determine the position-identical residues from all aaRS 482

structures in the dataset, even if no ligand is bound. 483

Generation of interaction matrix 484

Information on noncovalent protein-ligand interactions from renumbered structure files 485

(see above) was used to prepare separate interaction matrices for aaRS classes I and II. 486

First, only representative structures for M1 were selected. Second, only residues which 487

are in contacts with the non-amino acid part of the ligand (i.e. adenine, ribose moiety 488

or the phosphate group) were considered. This was validated manually for each residue. 489

Furthermore, residues relevant for only one aaRS type were discarded. For each 490

considered residue, the absolute frequency of observed ligand interactions was 491
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determined with respect to the PLIP interaction types (hydrophobic contacts, hydrogen 492

bonds, salt bridges, π-stacking, and π-cation interactions). Additionally, the count of 493

residues not interacting with any ligand (”no contact”) was determined. In the 494

interaction matrix (Fig 4), aaRS types are placed on the abscissa and renumbered 495

residue positions on the ordinate. The preferred interaction type for each residue and 496

ligand species is color-coded. If two interaction types occurred with the same frequency, 497

a dual coloring was used. Residues were grouped in the figure according to the ligand 498

fragment they are mainly forming interactions with. 499

Annotation of mutagenesis sites and natural variants 500

For each chain a mapping to UniProt [51] was performed using the SIFTS project [52]. 501

Where available, mutation and natural variants data was retrieved for all binding site 502

residues from the UniProt [51] database. In total, 32 mutagenesis sites and 8 natural 503

variants were retrieved. 504

Analysis of core-interaction patterns 505

All motif occurrences in M1 and M2 representative chains were aligned in respect on 506

their backbone atoms (S7 Fig) using the Fit3D algorithm [93]. Additionally, the alpha 507

carbon distances and the angle between side chains were determined. The side chain 508

angle θ between two residues was calculated by abstracting each side chain as a vector 509

between alpha carbon and the most distant carbon side chain atom. If θ = 0◦ or 510

θ = 180◦ the side chains are oriented in a parallel way. Side chain angles could not be 511

calculated if one or both residues of the backbone brackets motif were glycine. 512

Furthermore, the sequential neighbors of the core-interaction patterns have been 513

visualized with WebLogo graphics [49] regarding their sequence and secondary structure 514

elements. Secondary structure elements were assigned according to the rule set of 515

DSSP [94]. 516
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Supporting information

S1 Fig. Binding mode definition. Binding modes M1 and M2 are defined based
on the complexed ligand: ligands that bind to the adenosine phosphate moiety
(highlighted in red, only in contact when adenosine phosphate is part of the ligand) of
the binding site (M1), no ligands or ligands that bind exclusively to the aminoacyl part
(green) of the binding site (M2).

S2 Fig. Core-interaction patterns. Both aaRS classes contain highly conserved
patterns, responsible for proper binding of the adenosine phosphate part of the ligand.
Class I aaRS share a highly conserved set of backbone hydrogen interactions with the
ligand: the backbone brackets. Class II active sites contain a pattern of two arginine
residues grasping the adenosine phosphate ligand: the arginine tweezers. Interactions
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were calculated with PLIP [50] and are represented with colored (dashed) lines:
hydrogen bonds (solid, blue), π-stacking interactions (dashed, green), π-cation
interactions (dashed, orange), salt bridges (dashed, yellow), metal complexes (dashed,
purple), and hydrophobic contacts (dashed grey). (A) Class I backbone brackets motif
and interactions with the ligand Tryptophanyl-5’AMP as observed in TrpRS structure
PDB:1r6u chain A. (B) Class II arginine tweezers motif and interactions with the ligand
Lysyl-5’AMP as observed in LysRS structure PDB:1e1t chain A.

S3 Fig. Secondary structure of backbone brackets adjacent residues.
WebLogo [49] representation of secondary structure elements around the backbone
brackets residues (274 and 1361) annotated by DSSP [94]: helices (blues), strands (red),
and unordered (black). Unassigned states are represented by the character ’C’. The
height of each character corresponds to the relative frequency.

S4 Fig. Secondary structure of arginine tweezers adjacent residues.
WebLogo [49] representation of secondary structure elements around the arginine
tweezers residues (698 and 1786) annotated by DSSP [94]: helices (blues), strands (red),
and unordered (black). Unassigned states are represented by the letter ’C’. The height
of each character corresponds to the relative frequency.

S5 Fig. Distributions of alpha carbon distances for backbone brackets and
arginine tweezers. Distributions of alpha carbon distances for class I backbone
brackets motif and class II arginine tweezers motif in adenosine phosphate bound (M1)
and unbound state (M2). The alpha carbon distance of the backbone brackets differs
significantly between the two states (Mann-Whitney U p<0.01).

S6 Fig. Distributions of side chain angles for backbone brackets and
arginine tweezers. Distributions of side chain angle θ for class I backbone brackets
motif and class II arginine tweezers motif in adenosine phosphate bound (M1) and
unbound state (M2). The side chain angles of the arginine tweezers differs differs
significantly between the two states (Mann-Whitney U p<0.01).

S7 Fig. Alignments of backbone brackets and arginine tweezers. Structural
backbone-only alignments computed with Fit3D [93] of relevant binding site residue
motifs derived from M1 and M2 representative structures in respect to their binding
modes for aaRS class I and class II. (A) The class I backbone brackets motif aligned in
respect to binding modes. A high side chain variance (gray line representation) is
evident. However, backbone orientations are highly conserved to realize consistent
hydrogen bond interaction with the adenosine phosphate part of the ligand. (B) The
class II arginine tweezers motif aligned in respect to binding modes. Low side chain
variance can be observed if an adenosine phosphate ligand is bound (M1), whereas the
absence of an adenosine phosphate ligand (M2) allows an increased degree of freedom
for side chain movement. Averaged backbone and side chain RMSD values after
all-vs-all superimposition are shown in S1 Table.

S8 Fig. Pairwise sequence and structure similarity. Structure and sequence
similarity for pairs of cluster representative chains for aaRS class I (A) and II (B).
Depicted is the sequence similarity (% identity) after a global Needleman-Wunsch [91]
alignment of both structures against the structure similarity determined by
TMAlign [48]. For class I (class II) 95% of all pairs exhibit <33% (29%) sequence
identity and <0.85 (0.84) TM score. The 95% quantile borders are depicted as red
dashed lines.
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S9 Fig. Origin organisms of aaRS class I and class II structures in the
dataset. The organisms of origin for aaRS class I (A) and class II (B) structures in
the dataset. The inner circles correspond to the superkingdom of the organism. The
outer circle depicts the partition into specific species (combining different strains).
Sections representing eukaryotic species are colored in violet, bacteria are colored in
green, archaea are colored in orange and vira are colored in gray. Species, that are
origin of less than two percent of the structures are condensed to the ”other” cluster for
each superkingdom. All superkingdoms are represented in both datasets. Class I
contains more bacterial structures than class II, but fewer originating from eukaryotes
or archaea. Interestingly, class I also contains one viral structure. Despite the diverse
origins of the structures the conserved interaction patterns can be observed.

S1 Table. Backbone and side chain RMSD of backbone brackets and
arginine tweezers after superimposition. Averaged backbone and side chain
RMSD values after all-vs-all superimposition are shown in this table.

Table 1. Averaged backbone RMSD values of backbone brackets and
arginine tweezers after superimposition.

motif binding mode observations backbone RMSD [Å]
backbone brackets M1 28 0.32
backbone brackets M2 59 0.34
arginine tweezers M1 39 0.24
arginine tweezers M2 47 0.28

M1 contains an adenosine phosphate ligand, no adenosine phosphate ligand in M2.

S1 Appendix. Dataset preparation. All selected protein chains from the PDB
carry one of the following protein family annotations, according to Pfam [90]: PF00133,
PF00152, PF00579, PF00587, PF00749, PF00750, PF01406, PF01409, PF01411,
PF02091, PF02403, PF02912, PF03485, PF09334. Additionally, structures annotated
with an EC number indicating tRNA-ligation activity were selected: 6.1.1.1 (TyrRS),
6.1.1.2 (TrpRS), 6.1.1.3 (ThrRS), 6.1.1.4 (LeuRS), 6.1.1.5 (IleRS), 6.1.1.6 (LysRS),
6.1.1.7 (AlaRS), 6.1.1.9 (ValRS), 6.1.1.10 (MetRS), 6.1.1.11 (SerRS), 6.1.1.14 (GlyRS),
6.1.1.15 (ProRS), 6.1.1.16 (CysRS), 6.1.1.17 (GluRS), 6.1.1.18 (GlnRS), 6.1.1.19
(ArgRS), 6.1.1.20 (PheRS), 6.1.1.21 (HisRS), 6.1.1.22 (AsnRS), 6.1.1.23 (AspRS),
6.1.1.26 (PylRS).

For each of the resulting structures, the existence of a catalytic domain was checked
manually and only the chains containing a domain with confirmed catalytic activity
were retained. If there were ligands present in the structure, these ligands were
annotated manually to avoid errors in the assignment of ligands to their catalytic chain.
This procedure resulted in a high quality dataset of 972 individual aaRS chains
containing a catalytic domain.

S2 Appendix. Selection of representative entries. In order to avoid
redundancy, representatives were defined for each sequence cluster with >95% sequence
identity and discriminated between three types: cluster representatives, representatives
that contain an adenosine phosphate ligand (M1), and representatives that do not
contain an adenosine phosphate ligand (M2).

The selection criteria for these categories were defined as follows:

• cluster representative:
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1. protein must be wild type (if wild type exists)

2. best resolution

3. longest sequence coverage

• representatives with an adenosine-relevant ligand

1. chain must contain an adenosine phosphate ligand

2. this ligand must be standard (adenosine phosphate or close derivate)

3. no experimentally validated inhibitor ligand in the binding site

4. protein must be wild type (if wild type exists)

5. best resolution

• representatives without an adenosine phosphate ligand

1. chain must not contain an adenosine phosphate ligand

2. binding site must not contain an inhibitor ligand

3. protein must be wild type (if wild type exists)

4. best resolution

For ties in the selection, structures were sorted naturally ascending according to
their PDB identifier and chain identifier and the first was chosen.

S1 File. Dataset as table. Summary table of all aaRS protein chains used for the
analysis, including PDB identifier, chain identifier, superkingdom, taxonomy identifier,
and ligand information (if any).

S2 File. Dataset as JSON file. Machine-readable JSON version of the dataset.
Additionally enriched with protein sequence, sequence cluster identifier, and
representative types for each dataset entry.

S3 File. Class I sequences in FASTA format. Protein sequences of class I aaRS
structures used to construct the structure-guided MSA in FASTA format.

S4 File. Class II sequences in FASTA format. Protein sequences of class II
aaRS structures used to construct the structure-guided MSA in FASTA format.

S5 File. Class I multiple sequence alignment. Structure-guided MSA of class I
sequences in FASTA format.

S6 File. Class II multiple sequence alignment. Structure-guided MSA of class
II sequences in FASTA format.

S7 File. Backbone brackets residue mapping. Mapping of the backbone
brackets class I motif to sequence positions in origin structures.

S8 File. Backbone brackets failed mapping. List of structures where the
mapping of the backbone brackets motif was not possible.

S9 File. Arginine tweezers residue mapping. Mapping of the arginine tweezers
class II motif to sequence positions in origin structures.
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S10 File. Arginine tweezers failed mapping. List of structures where the
mapping of the arginine tweezers motif was not possible.

S11 File. Archive containing class I renumbered structures. All structures of
class I aaRS with residues renumbered according to the MSA.

S12 File. Archive containing class II renumbered structures. All structures
of class II aaRS with residues renumbered according to the MSA.
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